ing neonatal development, when neurons exhibit extreme activity-dependent neuroplasticity (Goodman and † Massachusetts Institute of Technology Department of Brain and Cognitive Sciences Shatz, 1993). We chose the developing striatum as a promising sysCambridge, Massachusetts 02139 *National Yang-Ming University tem for studying such signal integration at CREB, because cAMP, activated by dopamine D1-class (D1/D5) Institute of Neuroscience Taipei, Taiwan 11221 receptors, and Ca 2ϩ , fluxing through voltage-sensitive Ca 2ϩ channels or NMDA glutamate receptors, are major Republic of China signaling systems in the striatum that are already known to have striatum-enriched molecular targets that could control CREB phosphorylation (Halpain et al., 1990 Goto and Hirano, 1989) . This suggested that by was targeted to opposite (striosome and matrix) celluusing a preparation that preserved the striosome-matrix lar phenotypes. Subsequent expression of the CREarchitecture of the striatum, we could analyze the regulacontaining gene, c-fos, matched the divergent pattion of CREB phosphorylation/dephosphorylation in terns of sustained CREB phosphorylation, and both neurochemically distinct cell populations: cells of striodivergent patterns could be switched by inhibition of somes, in which two key phosphatase control elements phosphatases, including calcineurin. Control of the are strongly expressed, and matrix cells, in which their duration of CREB phosphorylation may be a critical expression levels are low.
receptors, and Ca 2ϩ , fluxing through voltage-sensitive Ca 2ϩ channels or NMDA glutamate receptors, are major Republic of China signaling systems in the striatum that are already known to have striatum-enriched molecular targets that could control CREB phosphorylation (Halpain et al., 1990 ).
Summary
The D1-class dopamine receptor-cAMP cascade can activate the phosphatase inhibitor dopamine and adenThe cAMP response element-binding protein (CREB) osine 3Ј,5Ј-monophosphate-regulated phosphoprotein is a plasticity-associated transcription factor that can by phosphorylation, and Ca 2ϩ can activate potentially integrate cAMP and calcium signals at the the Ca 2ϩ /calmodulin-dependent protein phosphatase gene activation level. We tested for convergent Sercalcineurin (protein phosphatase 2B ). More-133 phosphorylation of CREB via dopamine D1/D5 reover, during the early postnatal period, both DARPP-32 ceptors and L-type calcium channels in organotypic and calcineurin are concentrated in readily identifiable cultures of neonatal striatum. We found such converclusters of striatal neurons (striosomes) and are weakly gence only transiently. Sustained CREB phosphorylaexpressed in the surrounding tissue (matrix) (Foster et tion by D1/D5 receptor and L-type channel agonists Goto and Hirano, 1989) . This suggested that by was targeted to opposite (striosome and matrix) celluusing a preparation that preserved the striosome-matrix lar phenotypes. Subsequent expression of the CREarchitecture of the striatum, we could analyze the regulacontaining gene, c-fos, matched the divergent pattion of CREB phosphorylation/dephosphorylation in terns of sustained CREB phosphorylation, and both neurochemically distinct cell populations: cells of striodivergent patterns could be switched by inhibition of somes, in which two key phosphatase control elements phosphatases, including calcineurin. Control of the are strongly expressed, and matrix cells, in which their duration of CREB phosphorylation may be a critical expression levels are low.
regulator of CRE-mediated gene expression by dopa-
To gain this technical advantage, we used an organomine and calcium.
typic slice preparation of newborn rat striatum that we have found to preserve both the physical striosomeIntroduction matrix architecture of the striatum and many of the distinct neurochemical properties of these compartments Intracellular cascades activated by different membrane as well (Liu et al., 1995) . We tested for convergent activareceptors and channels are coordinated in individual tion of CREB by stimulating D1/D5 dopamine receptors neurons throughout the nervous system. Yet how this and L-type voltage-sensitive Ca 2ϩ channels in the slices coordination is made specific for neurons in different and then monitoring CREB phosphorylation immunocyregions and functional states is still unknown. The intetochemically in striosome and matrix neurons with an gration of cAMP and Ca 2ϩ signals presents an important antiserum recognizing CREB phosphorylated on Sercase in point. cAMP and Ca 2ϩ are widely distributed 133 (phospho-CREB [PCREB]) (Ginty et al., 1993) . We second-messenger systems in the brain, involved in methen manipulated phosphatase activity in the slice phardiating both fast neural processing and long-term plasmacologically with inhibitors of calcineurin and protein ticity in neurons (Ghosh and Greenberg, 1995; Schul- phosphatase 1 (PP-1)/PP-2A. We found that the degree man, 1995). A primary candidate for mediating the of convergent activation of CREB by D1/D5 dopamine integration of Ca 2ϩ and dopamine-activated cAMP sigreceptors and L-type channels is not a fixed property nals is the cAMP response element-binding protein of striatal neurons, but rather is dynamically regulated (CREB), a transcription factor. Both cAMP-and Ca 2ϩ -both spatially and temporally by striatal phosphatases, stimulated cascades can phosphorylate CREB on Serincluding calcineurin. 133, activating it to regulate genes containing CRE elements (Comb et al., 1987; Montminy et al., 1990; Sheng et al., 1991; Dash et al., 1991) . This potential cAMP and Results Ca 2ϩ signal convergence at CREB is of interest, because all three molecules have been critically implicated in Activation of D1-Class Dopamine Receptors Induces Sustained Phosphorylation of CREB memory mechanisms both in vertebrates and in invertebrates (Kaang et al., 1993; Bourtchuladze et al., 1994;  in DARPP-32-Positive Neurons of Striosomes CREB, detected with antiserum recognizing nonphos- Yin et al., 1994 Yin et al., , 1995 Bartsch et al., 1995; Kandel and Abel, 1995; Impey et al., 1996) . In the experiments rephorylated as well as phosphorylated forms of CREB, was expressed in nuclei throughout the striatum and ported here, we tested for convergent activation of CREB by dopamine-activated cAMP and Ca 2ϩ durwas apparently uninfluenced by any treatment (Figure Control experiments showed that numerous CREB-positive cells (A) but few PCREB-positive cells (B) were present in striatal cultures treated for 30 min with vehicle. Very weak PCREB induction occurred with vehicle treatment at 7 min (C). The dopamine D1-class receptor agonist SKF-81297 (100 nM) induced widespread PCREB expression at 7 min (D), but at 30 min induced sustained CREB phosphorylation primarily in cell clusters (example shown at asterisk in [E]) corresponding to striosomes (see Figure 4A ). The D1-class dopamine antagonist SCH-23390 (1 M) blocked CREB phosphorylation by SKF-81297 (F). Okadaic acid (1.5 M), an inhibitor of PP-1 and PP-2A, by itself (G) or in the presence of SKF-81297 (H) induced sustained (30 min) PCREB expression throughout the cultured striatum. All sections are 20 m thick. (D) and (E), Kodalith-generated prints. CP, caudoputamen; AC, anterior commissure; fb, fiber bundle. Scale bars: for (A)-(C) and (F)-(H), 100 m; for (D) and (E), 500 m.
1A). Vehicle treatments and movement of the culture notypic marker for developing striosomes (Foster et al., 1987) , showed that the clusters and rim of PCREB-posiinserts induced weak, transient PCREB immunoreactivity ( Figure 1C ), which declined sharply by 15-30 min to tive nuclei were coincident with DARPP-32-positive patches and the lateral streak, together comprising the a low basal level ( Figure 1B ) and was not associated with later expression of Fos protein.
striosomal system. At the single-cell level, the CREB phosphorylation was strongly selective for DARPP-32-Dopamine D1/D5 receptor activation with SKF-81297 (100 nM) rapidly induced intense nuclear PCREB stainpositive neurons. Approximately 80% of the DARPP-32-expressing neurons of striosomes coexpressed PCREB ing in the neurons of the striatum. The initial induction pattern, monitored at 7 min after drug treatment, was (see Figures 4 and 6) , whereas relatively few PCREBpositive nuclei lacking DARPP-32 coexpression were in dispersed PCREB-positive nuclei throughout the striatum, among which there were some clusters of more found in striosomes (roughly 10%-20%; see Figure 4A ). This is important, because although DARPP-32 is the intensely stained nuclei ( Figure 1D ). Remarkably, by 30 min, the number of PCREB-positive nuclei outside the phenotypic marker for striosomal patches, the striosomes are still developing and may include some inter-PCREB-rich clusters was sharply reduced, so that most PCREB-positive nuclei were in clusters and in a rim mixed future matrix cells or immature future striosomal cells that have not yet expressed DARPP-32 (see Krualong the lateral margin of the striatum ( Figure 1E ). Double immunostaining for PCREB and DARPP-32, the pheshel et al., 1995; Liu and Graybiel, 1992, and references many slices, appreciable numbers of PCREB-positive neurons appeared within the boundaries of DARPP-32-positive striosomes ( Figure 4B ). Quantitative analysis of cellular double labeling for DARPP-32 and PCREB showed that, at most, ‫%02ف‬ of neurons expressing DARPP-32 (and thus definitively striosomal cells) expressed sustained PCREB (see Figure 6) . Most PCREB-positive nuclei were in DARPP-32-negative neurons spread through the matrix and in scattered DARPP-32-negative cells in and at the edges of striosomes ( Figure 4B) . Thus, the pattern of sustained PCREB induction after BAY K 8644 treatment was nearly opposite to that induced by SKF-81297. The only exception to this pattern was a medial group of DARPP-32- M) and nitrendipine (10 M) (see Figure 3D ), demon- To obtain a further estimate of the compartmental selectivity of sustained CREB phosphorylation induced by had decreased substantially by 2 hr.
The specificity of PCREB induction by SKF-81297 via the D1/D5 receptor and L-type channel agonists, we charted the locations of PCREB-positive nuclei and, for D1-class receptors was shown by the blockade of induction with pretreatment with the D1 antagonist SCHsamples of striosome and adjoining matrix regions, calculated the observed numbers of PCREB-positive nuclei 23390 (1 M) ( Figure 1F ) and by the failure of induction by the D2 agonist quinpirole (10 M). Western blotting per unit area and the numbers that would be expected if there were no regional specialization in the induction. of parallel cultures treated with SKF-81297 for 30 min showed an ‫%03ف‬ increase over control levels in a band
The results confirmed the impression gained from the DARPP-32 coexpression patterns. SKF-81297 induced at 43 kDa, the molecular mass of PCREB (Ginty et al., 1993) (Figure 2 ). Several other bands were present but sustained phosphorylation of CREB principally in neurons in striosomal patches (observed/expected ratio were not inducible. The small size of the increase in the 43 kDa band might reflect the fact that striosomal To test for interactive effects of D1/D5 receptor and channels induced widespread PCREB immunoreactivity in the striatal slices ( Figure 3A ). However, in sharp con-L-type Ca 2ϩ channel cascades, we concurrently applied SKF-81297 and BAY K 8644 to cultured slices for 30 trast with the results for D1/D5 stimulation, the pattern of PCREB induction did not become striosome-predommin. We found an additive pattern of sustained CREB phosphorylation with intense induction in striosomes inant with increasing time. Instead, there was generalized induction in the striatum ( Figures 3B and 3C ). In and matrix (data not shown). Because dopamine receptor agonists can increase L-type channel open times in some slices, a striosome-sparing pattern was evidenced by pockets of low PCREB induction embedded in a more a small population of striatal neurons (Surmeier et al., 1995) , we pretreated other striatal cultures with the heavily PCREB-labeled surround ( Figure 3B ). But in L-type Ca 2ϩ channel blocker nifedipine (10 M) before Thus, the neurons we identified phenotypically as striosomal cells do have high levels of calcineurin expression SKF-81297 stimulation. The SKF-81297 still induced a strongly striosome-predominant pattern of sustained in contrast with matrix cells. We tested for the role of calcineurin in these cells by pretreating striatal cultures PCREB expression. If anything, striosome selectivity was enhanced. Together, these results support conwith the potent calcineurin inhibitor FK506 (10 M, 50 M) before application of the L-type Ca 2ϩ channel agotrasting selectivity of D1/D5 and L-type Ca 2ϩ channel induction of sustained CREB phosphorylation in the denist BAY K 8644. Inhibition of calcineurin by FK506 resulted in a draveloping striatum.
matic, ‫-3ف‬fold increase in sustained PCREB expression in striosomes after BAY K 8644 treatment (Figures 5A, Inhibition of Calcineurin Switches the Pattern of Sustained CREB Phosphorylation Induced 6). The O/E ratio for PCREB expression was 2.8 for striosomes and 0.3 for matrix. Cellular double immunoby L-Type Ca 2؉ Channels The fact that calcineurin is differentially concentrated in staining of the 1-day cultures ( Figure 5A ) showed that most of the induced PCREB (80%) was in DARPP-32-developing striosomes (Goto and Hirano, 1989) suggested that differential activity of this Ca 2ϩ -sensitive positive striosomal neurons. This increase completely abolished the DARPP-32 neuron sparing pattern inphosphatase in striosomal regions might lead to rapid dephosphorylation of PCREB in striosomal neurons after duced by BAY K 8644 alone ( Figure 4B ). No change was seen with the control for FK506, rapamycin (10 M), stimulation of L-type Ca 2ϩ channels. This could account for the strikingly low levels of sustained PCREB expreswhich does not inhibit calcineurin ( Figures 5B and 6 ). Neither FK506 (10 M) nor rapamycin (10 M) alone sion we found in phenotypically identified (DARPP-32-expressing) striosomal cells. We tested for, and found, induced PCREB expression. Nor did FK506 after vehicle treatment ( Figure 5E ). In 3-day cultures, the effects of cellular colocalization of calcineurin and DARPP-32 in large numbers of neurons in striosomes (Figures 4C-4E ).
FK506 were only clear laterally. This result may have been due to down-regulation of calcineurin in the 3-day receptors is sufficient to produce sustained phosphorylation of CREB in striosomes. By contrast, TTX pretreatcultures (data not shown).
These findings suggest that calcineurin-mediated regment produced a detectable decrease in PCREB induction by BAY K 8644. This result suggests that the effects ulation of the kinetics of CREB dephosphorylation can account for the matrix (DARPP-32 neuron sparing) seof BAY K 8644 are activity dependent, and that sodium spike activity is required for its full effect on CREB phoslectivity in sustained CREB phosphorylation induced by L-type Ca 2ϩ channel stimulation. phorylation. These findings are in accord with the actions of BAY K 8644, which prolongs the open times of L-type Ca 2ϩ channels but does not open them (Nowycky et al., 1985) .
Protein Phosphatases Regulate Compartmental
Third, we tested the effects of pretreatment with glutaSelectivity of Sustained CREB mate receptor blockers. Near total blockade of PCREB Phosphorylation in Striosomes induction occurred except in the most medial part of We next asked whether the equally striking spatial selecthe striatum when slices were pretreated with the comtivity of sustained CREB phosphorylation induced by petitive N-methyl-D-aspartic acid (NMDA) receptor andopamine D1/D5 receptor stimulation might also be tagonist D-AP5 (100 M) 30 min before the addition of controlled by phosphatase activity. Favoring this possi-BAY K 8644 (1 M) (see Figure 3E ). Only partial blockade bility is the fact that DARPP-32, when phosphorylated was obtained by pretreatment with MK801 (10 M), a by the dopamine D1/D5-cAMP cascade, is a potent noncompetitive NMDA antagonist, or with 6-cyano-7-inhibitor of PP-1 . PP-1 is dinitroquinoxaline-2,3-dione (CNQX) (10 M, 40 M), an present in the striatum and can dephosphorylate PCREB antagonist at AMPA/kainate receptors. These glutamate in cell lines (Hagiwara et al., 1992 ; da Cruz e Silva et al., receptor blocker treatments had at most a slight effect 1995). We reasoned that, if PP-1 were constitutively (D-AP5, 100 M and MK801, 10 M), or no effect (CNQX, active, then inhibition of this phosphatase would be nec-40 M) on PCREB induction by SKF-81297 (100 nM, 30 essary for sustained phosphorylation of CREB. This inhimin). These results indicate a significant role for NMDA bition could be striosome-selective because of the strioglutamate receptors in sustained PCREB induction via some-selective location of DARPP-32.
L-type channels but not D1/D5 receptors. We treated striatal cultures with okadaic acid (1.5 M)
To test for the specificity of the differential compartand with calyculin A (1 M), which inhibit PP-1 and PPmental control on CREB phosphorylation by cAMP and 2A. Each phosphatase inhibitor, given alone, induced Ca 2ϩ , we treated slice cultures with forskolin (10 M), strong PCREB immunoreactivity throughout the striato activate adenylate cyclase, or with each of two cAMP tum (see Figure 1G ) and also did so in the presence analogs, dibutyryl-cAMP (1 mM, 3 mM, 6 mM) and Spof 100 nM SKF-81297 (see Figure 1H ). The control for cAMPS (100 M, 1 mM). We treated other cultures with okadaic acid, 1-nor-okadaone (1.5 M), did not induce NMDA (100 M), which activates Ca 2ϩ flux through gluta-PCREB expression. No detectable change in CREB exmate NMDA receptors. All of these treatments induced pression was induced by okadaic acid and calyculin A sustained CREB phosphorylation throughout both com-(data not shown). For technical reasons, we were not partments (data not shown). Thus, our findings with D1/ able to distinguish between PP-1 and PP-2A. However, D5 receptor and L-type Ca 2ϩ channel agonists are speour results strongly suggest that constitutively active cific for a restricted set of cAMP-coupled and Ca 2ϩ -PP-1, PP-2A, or both exist in neurons of both striatal coupled cascades. compartments and are powerful regulators of sustained CREB phosphorylation in the developing striatum, including that induced in the presence of D1/D5 receptors.
Sustained, but Not Transient, PCREB Expression Is Correlated with Subsequent Expression of Fos-like Protein
As an initial test of whether the differential regulation of Activity-Dependent Regulation of Sustained CREB Phosphorylation in Striatal Compartments sustained CREB phosphorylation can lead to differential activation of downstream genes containing CRE eleOne implication of our findings is that neuronal activity mediated by D1/D5 receptors and L-type Ca 2ϩ channels ments, we tested for the ability of BAY K 8644 and of SKF-81297 to induce the expression of Fos, the protein could have a major impact on compartment-selective regulation of CREB in the striatum during the critical product of the CRE-containing gene c-fos, in the slices. Without exception, the results for Fos expression aspostnatal period. To address this issue, we first employed bulk depolarization of slices with KCl (50 mM).
sayed at 2.5-3.0 hr paralleled those for sustained phosphorylation of CREB assayed at 30 min (Figure 6 ), but This produced massive induction of PCREB throughout the slices. Thus, depolarization-induced activity by itself not those for transient CREB phosphorylation assayed at 7 min. First, BAY K 8644 (1 M) induced Fos-like is not sufficient for the compartmental effects.
Second, we pretreated slices with tetrodotoxin (TTX, immunoreactivity mainly in the matrix and in scattered DARPP-32-negative neurons of striosomes (see Figure  1 M ), a sodium channel blocker, 30 min before application of SKF-81297 (100 nM) or BAY K 8644 (1 M). The 5C), whereas SKF-81297 (100 nM) induced Fos-like immunoreactivity mainly in DARPP-32-positive neurons of TTX pretreatment had little if any discernible effect on the striosome-predominant induction of PCREB by SKFstriosomes, as previously reported (Liu et al., 1995) . Second, with BAY K 8644 in the presence of FK506 (10 M) 81297. This indicates that activity mediated by D1/D5 (Figure 4) ( Figure 5) noncompartmental patterns of Fos expression (data not shown).
Discussion
Our findings suggest that the phosphorylation of CREB by cAMP and Ca 2ϩ signals and the subsequent expression of Fos are subject to two types of control in the developing striatum: temporal control over the duration of CREB phosphorylation, and spatial control over where sustained phosphorylation and subsequent gene expression occur. Our results point to the regulation of protein phosphatase activity as a powerful mechanism 
Transient-Convergent Pattern versus Sustained-Divergent Pattern
Our results demonstrate that dopamine D1/D5 receptors and L-type Ca 2ϩ channels are both capable of initiating (but not rapamycin [10 M]), there was a sharp increase in Fos expression in DARPP-32-positive neurons, espeintracellular cascades leading to CREB phosphorylation throughout the developing striatum. However, this overcially laterally ( Figure 5D ). With SKF-81297 in the presence of okadaic acid (1.5 m), compartmental selectivity lapping action is transient. With increasing time, CREB phosphorylation induced via D1/D5 receptors and of Fos expression in striosomes was also lost (data not shown). Together, these data demonstrate that Fos in-L-type Ca 2ϩ channels became divergent. D1/D5 receptor activation induced sustained CREB phosphorylation duction in striatal slices, activated either by D1/D5 receptors or via L-type Ca 2ϩ channels, was correlated with mainly in DARPP-32-positive cells of striosomes, whereas activation of L-type Ca 2ϩ channels led to sustained sustained CREB phosphorylation, but not with transient CREB phosphorylation. Finally, also in parallel with our CREB phosphorylation mainly in the DARPP-32-poor matrix and scattered DARPP-32-negative cells of striofindings for CREB phosphorylation, NMDA, forskolin, and cAMP analogs induced apparently homogeneous, somes. Therefore, although CREB has been proposed as a convergence molecule for integration of cAMP and Ca 2ϩ signals, the integration is not obligatory and is under temporal control in developing striatal neurons.
We further found striking parallels between the induction of sustained CREB phosphorylation and the occurrence of later Fos expression. By contrast, transient CREB phosphorylation was not followed by detectable induction of Fos. Our findings, with Fos induction as an example, thus suggest the hypothesis that the recurring phosphorylation of CREB, sustained over time, may be critical in regulating downstream gene activation. A similar correlation has been observed in dissociated hippocampal cells in culture (Bit et al., 1996) . (Armstrong, 1989; Tong et al., 1995) ; third, direct dephosphorylation of PCREB (Enslen et al., 1994) ; fourth, increase of PP-1 activity sure that signals are appropriately processed to meet through dephosphorylation of DARPP-32, a substrate of calcineurin the different demands of short-term synaptic transmis- King et al., 1984; Halpain et al., 1990 ).
sion and plasticity on the one hand, and long-term gene
The last two possibilities seem less likely than the first two, as they activation and information storage on the other.
would require nuclear localization of calcineurin, which appears to
The slice preparation that we used allowed us to study be distributed almost exclusively in the cytoplasm of striatal neurons the spatial patterns of CREB phosphorylation and later (Goto et al., 1987; present data) . By contrast, D1-class dopamine receptor stimulation by SKF-81297 can lead to sustained CREB Fos expression coordinately with the kinetics of CREB phosphorylation in striosomes (boldface arrows), because most striphosphorylation. However, the temporal resolution of osomal neurons express DARPP-32, which is activated by D1-class the preparation was limited, and we can only tentatively receptors and acts as a brake on dephosphorylation of PCREB by assign phosphorylation at Յ7 min to the transient cateinhibiting the phosphatase PP-1. In the matrix, endogenous phosgory, and phosphorylation at ‫03ف‬ min to 2 hr to the further limited by the fact that we sampled only one CRE-containing gene to monitor potential downstream effects. Even with these qualifications, the range of According to the kinetic model shown in Figure 7 , caltimes we sampled for transient and sustained CREB cineurin in neurons of striosomes can act as a Ca 2ϩ phosphorylation suggest that they could be sufficient signal filter to inactivate sustained CREB phosphorylato set up temporal ordering constraints in the system tion mediated by L-type Ca 2ϩ channels selectively in during activity-dependent learning and memory (see bedeveloping striosomes. Data from other in vitro systems low). Interestingly, transient and sustained protein phossuggest that following activation of L-type Ca 2ϩ chanphorylation have also recently been documented in nels, CREB phosphorylation may be mediated by Ca 2ϩ / studies of MAP kinase signaling, where transient activacalmodulin-dependent protein kinases (CaM kinases), tion leads to cellular proliferation and sustained activaparticularly the slowly autophosphorylating CaM kinase tion leads to differentiation (Marshall, 1995) .
IV (Sheng et al., 1991; Dash et al., 1991; Enslen et al., 1994; Matthews et al., 1994) . There are several mechaControl of the Kinetics and Pattern of CREB nisms by which calcineurin could reduce CREB phosPhosphorylation by Protein Phosphatases phorylation, some of which are indicated in Figure 7 . Our findings suggest that there are cell type-specific For dopamine, this kinetic model suggests that D1/D5 phosphatase gates in the developing striatum controldopamine receptor activation also initially induces phosling the kinetics of CREB phosphorylation and subsephorylation of CREB in both compartments, but that the quent downstream gene expression activated by dopamine D1/D5 receptors and by L-type Ca 2ϩ channels. phosphorylation is rigidly controlled by endogenously active phosphatases that are themselves widespread preliminary experiments on dynorphin expression in striatal slices support this hypothesis (Liu and Graybiel, in the developing striatum but are controlled by the striosome-enriched phosphatase inhibitor DARPP-32.
1996, Soc. Neurosci., abstract). In the newborn, the phenotypes of striosome and maThe simultaneous activation of DARPP-32 by D1/D5 receptors would inhibit PP-1 and thereby could allow a trix cells are still undergoing dynamic changes. With time, as compartmental phenotypes mature and behigher level of sustained CREB phosphorylation in striosomes relative to matrix. Hence, our results suggest that come established, phosphatase, calcineurin, and the phosphatase inhibitor DARPP-32 become widely exthe effects of kinase activity leading to prolonged CREB phosphorylation can be selectively controlled in the depressed Goto et al., 1987) . This suggests that the phosphatase gate-control mechanism veloping striatum in at least two ways: by sequestration of the phosphatase calcineurin in striosomes, and by a we propose for compartment-selective regulation is selectively active during a critical perinatal period. The comparably selective striosomal expression of the phosphatase inhibitor DARPP-32.
early compartmental expression of molecules controlling phosphorylation may actually define the critical peFor signaling through both L-type channels and D1/ D5 dopamine receptors, a crucial distinction between riod for the development of compartmental phenotypes. Such spatially selective molecular controls of transcriptransient and sustained phosphorylation of CREB suggested by our results is that the sustained mode tion factor activity could represent one of the fundamental mechanisms used by the nervous system to create favors regulation of downstream CRE-containing genes, whereas the transient mode does not. The kinasetissue-specific patterns of gene expression from broadly represented signaling cascades. phosphatase cascades regulating CREB phosphorylation in the developing striatum are undoubtedly more complex than those illustrated in Figure 7 . Indeed, our Phosphatase Gates, Sustained CREB results indicate that the L-type channel effects depend Phosphorylation, and Neuroplasticity on other channels, including NMDA glutamate recepOur results, although directly related to plasticity during tors. The signaling cascades also must involve many development, may also bear on the more general issue transcription factors other than CREB. Even so, our reof the mechanisms underlying CREB-mediated neusults suggest that phosphatase switches could put genroplasticity and memory formation. Evidence across a eral boundaries on the kinetics of these cascades and range of species suggests that activator forms of CREB could do so in spatially selective ways.
are essential for the establishment of long-term memory (LTM) and long-term facilitation and that repressor forms of CREB can block these (Bourtchuladze et al., 1994 ; Activity-Dependent Regulation of Striatal Compartment Formation Yin et al., 1994 Yin et al., , 1995 Bartsch et al., 1995) . Tully and colleagues have suggested that changes in the ratios Our results raise the possibility that the regulation of phosphatase activity in the striatum, by determining the of activator to inhibitor isoforms of CREB may act as a molecular switch between short-term and long-term kinetics and pattern of phosphorylation of CREB, may critically influence pattern formation in the striatum as storage (Yin et al., 1995) . Our findings raise the possibility that control of the exemplified by the differentiation of striosome-matrix phenotypes. Accordingly, many of the well-known duration of CREB phosphorylation could serve as another molecular switch mechanism to control LTM. Our chemical markers for developing striosomes and matrix may actually represent part of an activity-dependent data for transient CREB phosphorylation with no subsequent Fos expression and sustained CREB phosphorycontrol mechanism by which striatal compartments gain and maintain normal phenotypic identity during devellation with subsequent Fos expression show patterns parallel to those of, respectively, short-term memory/ opment.
The one downstream CRE-containing gene we studfacilitation with no protein synthesis required and longterm memory/facilitation with protein synthesis reied, c-fos, encodes a transcription factor known to be highly responsive to dopamine and Ca 2ϩ signaling in the quired. This parallel suggests the hypothesis that a switch from rapidly decaying to persistent cellular striatum (Hughes and Dragunow, 1995) . The regulation of c-fos expression is complex and depends on cischanges could be brought about by a switch from transient to sustained phosphorylation of activator forms of regulatory elements other than the CRE (Sheng and Greenberg, 1990; Robertson et al., 1995) , but our results CREB. We have only analyzed Ser-133 phosphorylation of CREB and have no information in our system about for Fos are consistent with evidence that D1/D5 dopamine receptors and L-type Ca 2ϩ channels are capable other members of the CREB/CREM family, including repressor forms (Brindle and Montminy, 1992) . Neverof activating CRE-mediated gene expression (Impey et al., 1996) . Several other genes strongly expressed in the theless, our results suggest that phosphatase gates may critically control the activity of activator CREB isoforms. striatum contain CRE elements and code for transcripts that become differentially expressed in striatal compartComparable regulation would seem a likely possibility for inhibitor forms as well. ments as development proceeds, including dynorphin, opioid receptors, enkephalin, and somatostatin (Comb A role for phosphatases in controlling neuronal plasticity, explicitly including calcineurin, has been emphaet al., 1987; Montminy et al., 1990; Min et al., 1994; Cole et al., 1995) . CREB may be one of the transcription sized in much recent work on long-term depression and long-term potentiation (Mulkey et al., 1994 ; Schulman, factors involved in regulating the compartmental expression patterns of these genes as well. Findings in 1995). Moreover, L-type channel-regulated plasticity, cules, CA).
Experimental Procedures Western Blotting
Immunoblotting was carried out according to the protocols of Ginty Organotypic Culture of Neonatal Striatum et al. (1993) on striatal tissues dissected from 3-day slice cultures Striatal slice cultures were prepared by a procedure slightly modified and treated for 30 min with SKF-81297 (100 nM), the vehicle for from the method of Stoppini et al. (1991) as previously described SKF-81297, or forskolin (10 m) (n = 3 for each drug treatment). (Liu et al., 1995) . Forebrains of newborn Sprague-Dawley rat pups Striatal tissue was dissected from slices and was immediately incu-(Taconic Farms, Germantown, NY) were cut on a vibratome into bated in 300 l of a boiling lysis buffer containing 0.5% SDS, 2% 300-m-thick coronal slices. The slices were cultivated on top of beta-mercaptoethanol, and 50 mM Tris (pH 8.0). Tissues were further 0.4 m membranes in culture plate inserts (Millicell-CM, Millipore, sonicated briefly to obtain homogenates. SDS-polyacrylamide gels Bedford, MA) with SF21 serum-free medium (Segal et al., 1992) in (10%) were used for electrophoresis, and blots were processed with 6-well dishes in a humidified incubator at 33ЊC with 5% CO 2 /95% 1:5000 affinity-purified or non-affinity-purified polyclonal rabbit antiair before starting experiments. For each culture plate insert, four PCREB antisera and goat anti-rabbit immunoglobulin G conjugated to six slices from the same hemisphere of the forebrain were placed with horseradish peroxidase (Promega, Madison, WI) with chemilutogether.
minescence detection (ECL, Amersham, Arlington Heights, IL). Films were analyzed by densitometry (Biocom, Les Ulis, France). Drug Application Striatal slice cultures were cultured for 1-3 days before drug treatImage Analysis ments. For drug application, striatal slices were incubated for 7 min, Quantitative analyses were carried out on selected samples of strio-15 min, 30 min, or 2 hr (for PCREB induction) or 2.5- Massachusetts Institute of Technology, and the Council for Tobacco USA; Liu et al., 1991) ; the structural analog of FK506, rapamycin (10 Research. M; RBI); the sodium channel blocker TTX (1 M; Sigma); or the The costs of publication of this article were defrayed in part by Ca 2ϩ chelator EGTA (10 mM; Sigma) and KCl (50 mM; Mallinkrodt). the payment of page charges. This article must therefore be hereby For blocking experiments, antagonists were given 30 min before marked "advertisement" in accordance with 18 USC Section 1734 agonist application. All drugs were made up in stock solutions, and solely to indicate this fact. stock was added directly or after serial dilution to the culture medium in each well. Each drug treatment was carried out at least in duReceived March 20, 1996; revised November 12, 1996. plicate.
Immunostaining
References At the end of drug incubations, striatal slice cultures were fixed in ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) Armstrong, D.L. (1989) . Calcium channel regulation by calcineurin, and were then processed for immunocytochemistry with the avidina Ca 2ϩ -activated phosphatase in mammalian brain. Trends Neubiotin-peroxidase complex (ABC) method (Hsu et al., 1981; Liu et al., rosci. 12, 117-122. 1995) . The dilutions of primary antibodies were 1:8000 for polyclonal Bartsch, D., Ghiardi, M., Skehel, P.A., Karl, K.A., Herder, S.P., Chen, rabbit anti-CREB antiserum and 1:300-1000 for affinity-purified rab-M., Bailey, C.H., and Kandel, E.R. (1995) . Aplysia CREB2 represses bit anti-PCREB antiserum 
